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FOREWORD

The work reported here was sponsored by a joint program of the National

Aeronautics and Space Administration and the National Oceanographic and

Atmospheric Administration. The purpose of this program was to validate the

products of the many experimental remote sensing systems on the Seasat

satellite and to show their usefulness in applications to atmospheric and

oceanic studies.

Our research has addressed both validation and application of three of

the geophysical products from the Seasat Scanning Multichannel Microwave

Radiometer (Sb_R), viz. integrated atmospheric water vapor, integrated

liquid water and rain rate over the oceans.

The contract was administered through the office of Dr. John W. Sherman

III, with Dr. John C. Alishouse as contract monitor. The work has benefited

from very efficient management. We would also llke to express sincere

appreciation co Dr. Alishouse for invaluable cooperation in many aspects of

the research.

Kristina B. Katsaros

Principal Investigator
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ABSTRACT

The work during this two year contract has been concentrated on

verification of the atmospheric water channels on Seasat's Scanning

Multlchannel Microwave Radiometer (SMMR). Data from the Gulf of Alaska

Experiment (GOASEX), tropical island stations, and particularly from

the Joint Air Sea Interaction (JASIN) experiment have been used to

compare with the Sb_ algorithm predictions. SMMR's water vapor has

been found to be at least as accurate as conventional radiosondes.

Liquid water and rain rate have insufficient comparisons for statistical

results, but can be said to show promise in a qualitative sense. The

Seasat SMMR maps of the atmospheric water components were found to be

very useful in helpin_ to locate fronts and cloudy and rainy areas in

the JASIN experiment. Continuing work on applying Seasat SMMR data in

analyzing Pacific midlatitude cyclones is also reported herein, and some

speculation on future uses of this totally new marine atmospheric information

are offered.
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I. INTRODUCTION

The original aim of this work was to use sea surface temperature data

obtained by our group during the Joint Air Sea Interaction Experiment 1978

(Royal Society, 1979) in the North Atlantic for verification of the surface

temperatures produced from the Seasat Scanning Multichannel Microwave

Radiometer (SMMR) l Soon SMMR surface temperatures in this region were

found to be greatly contaminated by radio frequency interference and land

in the side lobes of the antennae. Our interest has therefore turned

instead to the atmospheric water parameters produced by SMMR algorithms.

Not much attention was given to these channels at first. They were mainly

un the instrument to provide corrections for the long wave channels of

SMMR and the radar type sensors (Gloersen and Barath, 1977).

However, interest in remote sensing of the atmospheric water parameters

dates back to the 1960's. Deirmendjian (1963, 1968) made thorough calcula-

tions of Mie parameters for liquid water spheres and ice spheres of absorp-

tion, scattering and phase matrix coefficients for various wavelengths and

drop 81ze distributfons. He showed that these coefficients varied with wave-

length, drop size distributions, temperature, and phase of the hydrometeors.

Savage (1976) made simll _alculatlons for wavelengths in the microwave

region, and then applied th values of these coefficients to a radiative

model. By changing atmospheric parameters such as cloud temperature, rain-

fall rate, lapse rates, etc., he calculated brightness temperatures that

would be recelved by a satellite radlome_er. Other models have also appeared

in the llteralOre (Weinmann and D_Jvis, 1978; Jung, 1980).

1 Information about the Seasat satellite and the SMHR instrument can he

found in Lipes, et al. (1979) and Nloku, Stacey and Barath (1980).
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Since there are an infinite number of possible atmospheric condi-

tions that could be modeled, the inverse problem (deducing atmospheric

parameters from given brightness temperatures) is not so easily solved.

Nevertheless, based on these earlier studies and further empirical

studies, algorithms have been constructed which can retrieve atmospheric

parameters from the brightness temperatures of S_!R's channels at 18, 21,

and 37 GHz (Bierman et al., 197S; Wilheit and Chang, 1979).

There are differences in approach between the two algorithms referenced

above, both in the way they are formulated and in the numerical techniques

used. For these reasons the Seasat project processed the SMMR data using

both algorithms during the evaluation period. In the first Sb_IR verificatiun

workshop (GOASEX I Report, 1979) the two algorithms, "Wentz" and "Wilheit"

named after their originators, performed reasonably well in midlatitudes,

where the total water vapor content was less than 35 kg/m 2 and the rain

rates were low, typically < 3 ram/hr. To test a wider range of conditions,

we sought radiosonde data £rom tropical regions. Such data is available

from weather ship k_:_do dud atolls in the Pacific. We only used data from

atolls small enough so that the emission by the land does not contaminate

the SMMR signals (SF_IR Mini I and II, 1979).

11. VALIDATION OF SI_IR AI,t:ORITHMS

In 1980 a Seasat-.IASIN workshop was held (Bustnger et al., 1980).

Many more data points were contributc_d to our intercomparisons because of

the fre(luent radiosonde schL.dulL, at ;I 200 km triangle of meteorological

ships. Tire result._ ot thi._ work was presented at the COSPAR/SCOR/ItlCRM

Colloquium in Venice, Italy in _lay of 1980 (Katsaros et al., 1981, see
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Appendix A). Further work on radiosonde intercomparisons has been

performed by Alishouse (1982).

During the Seasat-JASIN workshop, the potential contributions of

SMMR's products to the objectives of the JASIN program became evident

and were brought to the attention of our European colleagues through a

short article in Natu_Pe (Taylor et al., 1981, see Appendix B). It was

particularly valuable to have the areal coverage of i_grated water

vapor in establishing locations of surface fronts. The prevalence of

research ships on the water also allowed more detailed comparison between

surface based observations and SMMR produced rain rates. This study where

SMMR products were applied to analyze the meteorological situation is

found in Tay?or et al. (1982, see Appendix C).

III. APPLICATIONS OF S_R GEOPHYSICAL PARAMETERS

Those of us involved in looking at the atmospheric water informa ion

provided by SMMR (vapor in kg/m 2, liquid in kg/m 2, and rain rate in mm/hr)

feel that it has great potential both for atmospheric and nceanic research

and in the future for operational purposes as well. Because the atmos-

pheric water products were not the main motivation for Seasat, an optimistic

presentation of the potential of this information was given at a workshop

in Wisconsin (Katsaros, 1981, see Appendix D).

There is still much work to be done to put SMMR products of liquid

water and rain rate on a really firm quantitative basis. A new algorithm

based on Wilhelt's has been offered by Chester (1981), which appears to be

more accurate. However, the comparison data remain very limited for these

two parameters and we wlll probably only be able to u8e Seasat SMMR's data
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in a qualitative sense. Nonetheless, they give us a totally new perspective

on the atmosphere over the ocean.

The integrated atmospheric water vapor signals are, however, already

competitive with the same information from radiosondes, and by SMMR's

spatial coverage provide both dependable and totally new information. We

are still keeping a watchful eye on problems which may be present when

evaluating water vapor content in the presence of rain.

With the encouraging results of the verification phase of the work,

we are now applying SM_ information to a study of the evolution of mid-

latitude cyclones during their passage across the North Pacific Ocean.

This work is continuing under a new contract, but a case study of a single

storm is reported below.

IV. ONGOING WORK STUDYING PACIFIC CYCLONES

A. Background and Objectives

Nimbus E Hicrowaxe Spectrometer (NEMS), Electrically Scanning Microwave

Radiometer (ESMR),and Scanning Microwave Spectrometer (SCAMS), satellite

microwave radiometers, have been reasonably successful in determining atmo-

spheric water parameters of uater vapor, liquid water, and rain rate (Savage,

1976; Staelln et al., 1976; Chang and Wilheit, 1979). By using two-week

averages, Grody et al. (1980) defined the Intertropical Convergence Zone

(ITCZ) in terms of precipitable water and liquid water. However, these

previous radiometers did not have spatial resolutions commensurate with the

scale of phenomena such as frontal rainbands of the order of 30 km. With

Seasat's S_R on the other hand, we have the opportunity to examine in more
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detail the atmospheric distribution of rain, liquid water, and water vapor

by virtue of the resolutions being 27 km, 54 km and 54 km respectively.

The birthplace of Pacific northwest storms is in the Gulf of Alaska.

As they cross the ocean, they develop and change and often reach the west

coast of North America in an occluded form (Nuss, 1980; Ovecland and

Helster, 1980). Traditionally, the strength and structure of these storms

was examined by merchant and weather ships, and buoy reports. More

recently GOES-W geosynchronous satellite pictures in the infrared and visible

wavelengths have improved the synoptic analyses over the Pacific Ocean.

Although these data sources provide information on areas of cloudiness,

surface pressure, temperature, and wind speeds, information on the mesoscale

structure is lacking. A SMMR type instrument can possibly fill this gap.

This project examines the possibilities of studying the mesoscale structure

of storms at different stages (i.e. initial, developing, and mature) in

terms of integrated atmospheric water vapor, integrated liquid water, and

rainfall rate as seen by the Seasat SMMR.

Fields of atmospheric water vapor, liquid water, and rainfall rate are

drawn for particular revolutions and are correlated qualitatively with

visible and IR satellite pictures, National Meteorological Center analysis,

and ship reports. Questions we are addressing include: How do these fields

change with the development of a Gulf of Alaska storm? Does SMMR ald in

location of fronts? Can SMMR be used to increase weather forecasting ability

ovec the oceans and in the landfall regions of these storms?

B. Methods and Data Analysis

Since the Seasat satellite was only operating during the months July
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through September 1978, the possible number of storms to study was limited.

During the summer months the storms that do develop tend to be weak,

disorganized and occlude rapidly before retching the west coast of North

America (Nuss, 1980). Nevertheless, there were some storms in the Seasat

lifetime that are adequate.

The criteria used in selecting storms was fairly subjective. It was

desired to stud> storms that exhibited a definite life cycle with initial,

developing, and mature stages, so National Meteorological Center surface

and 500 mb maps for the Seasat period were studied. Then storms with a

definite life cycle, well developed surface low, and reports of some rain

were chosen. On the basis of visible and infrared GOES-W satellite pictures

_-- -and-intersection with SM_ swaths, the storms were given varying priority.

Characteristics of the different stages of a storm are based on Wallace

and Hobbs (1977) and are shown schematically in Figure I. Also shown in

Figure I are criteria used in determining which region is sampled by Seasat.

The categories were defined as follows: SMMR samples a "prefrontal" region

when it Just crosses the warm front, or is on the warm side of the cold front.

The "frontal region" is sampled when SMMR passes over the apex of the frontal

wave. This includes the surface low in the case of the initial and developing

stages of a storm. The "postfrontal" region is sampled when SMMR passes

over the cold front or behind it. Tbis includes the surface low in the case

of the mature stage.

Table I lists the chosen storms with a brief description of each storm

and the revolutions that sample them. They are listed in order of priority

based on criteria outlined above. Also included are the region and the stage

of the storm that is sampled by each revolution with a statement of th_

quality.
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C. A Case Study

So far, only the storm in the period 16-20 September has been studied

in any detail. Like many storms that track across the North Pacific (Nuss,

1980), this storm began as a wave that formed in the cold front region of

a very old system with the low center over the Aleutian Islands, It was

analyzed at 12OOZ, Saturday, 16 September as a stationary front stretching

from 145°W to the dateline at 30°N, and a separate mature system located

over the Aleutian Islands (see Figure 2a). But in the satellite pictures

for this time, the two systems are hard to distinguish. By 06OOZ, Sunday,

17 September (Figure 3b) a surface low had developed in the vicinity of

50°N and 160°W with a thick cloud shield as seen by GOES-W satellite ahead

of the storm. The upper level flow became westerly-southwesterly during

this time. During 17 September the system began to occlude and join up with

an old surface low at 55°N and 175°W. By 12OOZ, 18 September (Figure 4b)

the upper level low had deepened and moved eastward, producing a south-

westerly flow in the region of the storm system. The system was in a

mature stage at this point with an occluded front stretching along the

north British Columbia and Alaskan coast. At 1800Z, 18 September (Figure 4c)

a wave developed along the cold front at 48°N and 150°W. At O000Z, 19

September it i_ evident that the system had become '*vertical** with the

surface low and upper level low at the same location (see Figures 5a,b),

The system rapldly occluded and wound up, and by 18OOZ, 19 September this

system had reached the British Columbia coast (Figure 5c). Surface and

500 mb charts for 16-20 September are presented in Figures 2-6.

Two revolutions that sample this storm, rev 1198 and rev 1212, have

been analyzed. Figures 7a, b, c correspond Lo integrated water vapor,
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llquld water, and ralnfa11 rates, respectlvely, for rev 1198 (1830Z,

18 September); and Figures 8a, b, c correspond to the same flelds for

rev 1212 (181OZ, 19 September). Also shown in these figures are the

vlslble and infrared GOES-W sate11Ite pictures and I@IC surface analysls

for the time of the Seasat pass. The dashed llnes on these figures

enclose the S_D_R swath. A few ship reports are included on Figures 7c

and 8c.

Figure 7c, ralnfaU rate for rev 1198, shows that the areas of rain

are concentrated along the cold front. Although there is no measure of

rainfall rate in ship reports, weathership C?P at 50°N 145°W (indicated

with a P on Figure 7c) reported steady rain from 1500Z to 21OOZ. Two other

ships located outside the SMMR swath reported light drizzle.

Like the rainfall rate field, the integrated liquid water field (Figure

7b) shows the heaviest concentration along the front. Behind the cold front,

north of 50*N and from 140°W - 150*W, there are two areas of intermediate

concentration of liquid water. As expected, they coincide with areas of

bright clouds.

Like the previous two fields, Figure 7a of the integrated water vapor

shows maxima along and slightly ahead of the frontal region. South of the

front the contour lines of water vapor in kg/m 2 are widely spaced; whereas

to the north of the front, the contour lines are closely packed. This

corresponds well with the idea that a front is a boundary between two air

masses, one warm and moist, the other cool and dry.

In Figure 8c rainfall rate for rev 1212, there are again three dtntinct

rain art.as located along and slightly ahead of the cold front. The middle

rain area shows an intensity greater than 3 mm/hr. There are four ship
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reports plotted in the vicinity of the area, all of which are reporting rain.

This field does not differ radically from the rainfall rate field of rev 1198.

The liquid water field (Figure 8b) again shows maxima along the front.

There appears to be a large amount of liquid water at 48°N 133°W in the same

spot as the strongest rainband. There is an area of integrated liquid water

greater than .2 kg/m 2 behind the occluded portion of the frontal system that

corresponds well with the satellite picture. This pattern is somewhat

different from what was seen in Figure 7b.

The water vapor field of rev 1212 (Figure 8a) shows a stronger gradient

behind the front than is seen in Figure 7a, rev 1198. The water vapor seems

to be much more concentrated along the front. In Figure 8a behind the

occluded portion of the system, the air is much drier and has a more uniform

moisture field, as evidenced by the 15 kg/m 2 line.

As Figures 7a, b, c and 8a, b, c show, the patterns derived from SbflqR

correspond well qualitatively with the visible and infrared satellite

pictures. Also brought out by these patterns are features that cannot be

distinguished on the satellite pictures. These include rain areas and areas

of large amounts of liquid water. The atmospheric water vapor field may

prove to be a useful tool in determining how much precipltable water is

available in a storm. This could then be used towards improving quantitative

precipitation forecasts.

lhe other revolutions listed in Table i for thla storm will be analyzed

in a similar fashion. Therefore, the storm will be sufficiently sampled at

all stages to follow its evolution. Further plans Include constructing a

composite storm from the six listed in Table 1.
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Soann_n_ _o_anneZ _avo_aue Sad_o,ne_._ (s_4_), NASATechnlcal

Memorandum 80277, NASA Godderd Space Fllght Center, Greenbelt, HD.
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i > 40 kg/m z

FIGURE 7A

INTEGRATEDWATERVAPOR(KG/M2)
SEASATREV1198
SEASATTIME 1830Z

SEPTEMBER 13, 1978

GOES-WTIME 1845Z

NMC ANALYSISTIME 1800Z

The contours of the integrated water vapor are widely spaced southeast of
the front and closely packed northwest of the front within the SMMR swath.

The maxima occur just ahead of the front. This pattern shows clearly a
boundary between two different air masses.
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_ > 1.0 k(j/m2
> 0.6 kg/m;

0 > 0.2 kg/m

FIGURE7B

INTEGRATED L IQU ID WATER (KG/M 2)

SEASAT REV 1198

SEASAT TIME 1830Z

SEPTEMBER18, 1978
GOES-WTIME 1845Z

NMC ANALYSISTIME 1800Z

The largest amounts of integrated liquid water are conRentrated along the
front. Two areas of liquid water greater than .2 kg/m( are seen north of
the front in the vicinity of 55°N ]45°W and 50°N ]48°W. These areas

correspond well with cloudy areas seen on the GOES-W satellite picture.
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> 2 mm/hr

> I mm/hr

Q > 0.5 mm/hr

[:_ > 0.0 mm/hr

FIGURE7c

RAINFALL RATE (MM/HR)

SEASAT REV 1198

SEASAT TIME 1830Z

SEPTEMBER18, 1978
GOES-WTIME 1845Z

NMC ANALYSISTIME 1800Z

Note the two shipments located outside the SMMR swath that are reporting
drizzle. The letter P refers to the location of weathership CTP. It

reported steady rain from 1500z-.2|OOz. Three distinct areas of steady
rain are seen by SMMR.



27

J--r 7

FIGURE8A

INTEGRATED HATER VAPOR (KG/M 2)

SEASAT REV 1212

SEASAT TIHE 1810Z

SEPTEHBER19, 1978
(IR) GOES-WTIHE 1745Z
NMCANALYSIS1800Z

The air ahead and behind the front is somewhat drier than the atr in the
corresponding area of rev !198, Figure 7a. But, as in Figure 7a, the
maxima in atmospheric water vapor are concentrated along the front.

Q
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I > 1.4 kg/m2

> 1.0 kg/m2..
> O.E k(j/m 2
> 0.2 k(j/m

FIGURE8B

INTEGRATED LIQUID HATER (KG/M 2)

SEASAT REV 1212

SEASAT TIME 1810Z

SEPTEMBER19, 1978
GOES-VITIME 1745Z
NMCANALYSISTIME 1800Z

The maxima in integrated liquid water are again concentrated along the front
The shaded area behind the occluded front near the surface low corresponds

well with brighter clouds as seen in the visible satellite picture.
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\

FIGURE8c

RAINFALL RATE (HM/HR)

SEASAT REV 1212

SEASAT TIHE 1810Z

I > 3 mm/hr
)> 2 mm/hr

1_ _> I mm/hr

O _> 05 mm/hr

C_] )> O.O mm/hr

SEPTEMBER19, 1978
(IR) GOES-WTIME 1745Z
NMCANALYSISTIHE 1800Z

The areas of rain are along the front in three dtsttnct bands. The middle
band snows rainfall rates greater than 3 mm/hr. Two ship reports, one
near 45°N, the other near 50°N, lying near SHMR areas of rain, reported
steady rain at 1800z.

m_ .......
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1. ABSTRACT

Determinatior_s of total l)recipitable water vapor in the atmos-

pheric column bt'tween SEASAT-A and tile ocean surface by two different
algorithms applied to tile Scannl,lg Multichannel Hicrowave Radiometer

(StOIR) on board this satellite have been evaluated. Comparisons
between th,, S}_IR predictions and integrated radiosonde data have

been made on three st, pilr,lte data sets. During the three months that

5_ASAT was functioning, two large scale oceanic experiments took

place. Tile Gulf t)f Alaska-SEASAT Expt-rlment (GOASEX), September 1978,
was especially designed to obtain in aitu measurements. The second

one, the Joint Air Sea Inlt'raction Experiment (JASIN) 0 which was

carried out mid-.July t,_ early September 1978 in the North Atlantic,
was not designed for . _;ASAT, but its data set is well suited for

testing SEASATts capabilities. Both (;OASEX and JASIN took place in
mldlatltudea in the Northern Hemisphere. The maximum amount of

atn_,spherlc pr'wlpltahle water wnpor which was observed in these two
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experiments is 36.8 kg/m 2. A third comparison data set is, there-

fore, produced from tropical k_O radiosonde stations on small atolls
in the Pacific, thereby extending the range to 71.5 kg/m 2. The

original algorithmm performed very well in aLtdlatitudes on GOASEX

data, but overpredlcted in the tropics by about 20X. Improved

algortthmm were then tested at a SEASAT-JASIN workshop held in

Pasadena, California in Harch 1980. Statistics on the JASIN data

set plus a nev set of tropical soundings show the predictions of
the improved algorithms to be within 6% In the JASIN area and 9% In

the tropics. An overv_ of the liquid water and precipitation rate

algorithm retrievals is presented. However, this information is

still only qualitative.

2. I ICrRODL'CT log

The Scanning Hultlchannel Ntcrowave Radiometer (SHIWR) on the

StASAT experimental satellite, which was launched on 28 June 1978
and expired on 10 October 1978, measured the earth's emission In

five narrow frequency bands in both horizontal and vertical polar-

izations (Table 1_. (For a SEASAT mission overview see Born et al,

1979 and Born et al, this volume.) These ten measurements over the

ocean surface are utilized _n determining the geophysical quantities,

sea surface temperature, wind speed, integrated atmospheric water

vapor, liquid water, and precipitation rate. The Nimbus-7 project

has chosen to utilize measurements over polar regions from an

identical instrument to n_ake, in addition, estimates of ice and

snow conditions. Attenuation of the active _,lcrowave measurements,

e.g. altimeter path length correction_ also are _:llculated from SMNR
data.

The inversion algorithms are based on a mix of theory, labor-

atory measurements and empirical correlation matrices obtained in

field tests. Two main algorithms are in use during the evalugtton
of the SEASAT SHHR performance, one referred to as Wentz (GOASEX

_orkshop Report, 1979), and one referred to as Wilhett (Wllhelt and

Chang, 1979). This report covers mainly the evaluation of the
determination of integrated atmospheric water vapor but rill also

touch on the determinations of total columnar liquid water and pre-
clplt.,tion rate.

"l'hc,_easurement of atmospheric water vapor and liquid water
with pa._sive microwave techniques has had precedent in aircraft

experiments (e.g. Rosenkranz et at, 1972) and on the Ntmbus-5 and 6

satellites (e.g. Staelin et al, 1976, and Allison et al, 1974), but
SEASAT has the finest areal resolution to date (Table 1). In rela-

tion to the horizontal variability of these quantt_tes in the atmos-

phere, the resolution is still very coarse. It is obvious that

scattered ,'ioodinesa, _t,ch aa the cumulus convection in the cold air

region of mldlatltude cyclones, will not be resolved on a 54 x 54 km

scale. Precll)it,ttlon ts tn most cases concentrated in rain ceils or
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Table 1

Frequency, Wavelength, Footprint Size, and Prlnclpal Geophyslcal
Quantity Predicted by SEASAT's 5 Channel SF_IR

Seasat*i

H|cro;ave Retrieval Crld

Frequen¢_ _avelen_th at ]dE limit

Ghz ¢m Im i L_ Prtnclpal Pr_dlL_d Qu.lnttty

b.b 4.b 150 : 1%0 _e4 surface tempel.tt,_r,.

10.7 2.8 85 x 85 Ntnd speed

15.0 1.1 54 _ 54 PreclpitJtt,_n rat_ Llg_l)

Wgter vdp_r, liquid w_t_r

2|.0 1.4 54 • _4 Water v_por, ||qutd w_ter

iT.0 0._ 21 i 21 Frecip|tation rdte tlT_)

_lndspeed in clv_r dtr

WateF vapor, liquid wdt_r

rain bands, whose smallest horizontal dimension is of the order of
35 km (e.g. Matejka et al, 1980).

Since SEASAT was planned as an experimental satellite, an

effort was made to obtain in situ data for verification and vali-

dation of whether the SEASAT instruments met their design specifi-

cations. For S_IR the GOASEX (Gulf of Alaska SEASAT Experiment)

was the only experiment specifically planned for this purpose which

could be carried out before the power failure which led to SEASAT's

premature demise. The data are from September 1978. During the

Joint Air Sea Interaction Experiment (JASIN) in the North Atlantic,

14 July - 5 September 1978, some special surface recordings were

made during S_SAT overpasses for the benefit of the validation

effort, but the experiment as such was not planned for this purpose.
The JASIN radiosonde data have, however, turned out to be one of our

most valuable d_ta sources for total integrated atmospheric water

vapor, qt" The GOASEX radiosonde data came f'om weathershlp PAPA

(50°N, 145°W) and RIV OCEANOGRAPHER also at latitudes around 50°N.

The JASIN radiosondes used in this study are from a 200 km triangle
of research ships stationed at about 60°N. In both these data sets

the magnitude of qt is less than 36.8 kg/m 2. An effort was there-

fore made to obtain data from the tropics.

Because the S)_4R antenna has significant sldelobes and because

the emissivity of land is much larger than that of the sea, only

weatherships, rpsearch ships, and radiosonde stations on tiny atolls

could be used. It is further necessary to select satelllte and

radiosonde observations which are within a few hours of each other

and to be sure that the humidity profiles contain enough significant

levels for accurate integration. All three radiosonde data sets

were evaluated with similar trapezoidal rule integration _chemes.

The JASIN data set was calculated at the Institute of Oceanographic

Sciences, Wormley, England, and the Gulf of Alaska and tropical data



33

K. B. KATSAROS ET At.

with the NOAA routine in the United States (see Alishouse and

Katsaros, 1980, for details). The evaluation of the SEASAT SMMR

performance has taken place in a series of workshops reported in the
GOASKX I Report (1979) or Lipes et al (1979, S_-Mini I Report

(1979), SMMR-Hini II Report (1979), and the SEASAT-JASIN Workshop

Report (1980). A limited set of SEASAT revolutions were processed

for each workshop. Problem ar_as in algorithms were identified and

improvements were made between each workshop.

3. EARLY RESULTS OF SEASAT Sl_ WATER VAPOR RETRIEVALS

In the GOASEX I workshop there appeared to be a correlation
between sea surface temperature and water vapor predictions. A

possible explanation was that the correction for the emission by
the water vapor was improperly applied in evaluation of the sea

surface temperature. However, the values of total integrated water

vapor calculated by both the Wentz and Wilheit algorithms were in

excellent agreement with the five available radiosonde estimates.

By the S_-Mini I workshop (Hay, 1979) a few tropical intercompar-
isons were available. While the midlatitude estimates were still

good, the satellite overestimated qt by about 20% in the tropics.
Between S_fl_R-Hini I and SMMR-Mini II (September, 1979) the complete

antenna pattern correction, a problem called "cross-track bias",

and other corrections had been incorporated fromwhich new brightness

temperature values were generated and the geophysical parameters were

rederived. In addition, a few more tropical station intercomparisons

were obtained. The satellite value corresponding to a raob (radio-
sonde observation) was interpolated using the four nearest satellite

predictions. These results are found in Tables 2 and 3. The
calculated mean biases avd standard deviations show that there

existed a positive bias for the Wilhelt algorithm of 20%, both in

midlatitudes and in the tropics, and that the Wentz algorithm, which

was tuned for midlatltudes, was within 7% there but was off by 24%

in the tropics.

4. WATER VAPOR RETRIEVALS AT THE SEASAT JASIN WORKSHOP

During this workshop the algorithm improvements made on the

basis of the experience gained in the three previous SMMR workshops

were tested against independent high quality data from the JASIN

experiment and against new data from the tropical Pacific.

4.1 JASIN Area Evaluations of Integrated Water Vapor (Wentz

Algorithm)

The surface truth data sets available to the workshop included,

in total, 320 radiosonde flights from the JASIN ships for comparison

with 30 selected SEASAT revolutions. Many of the radiosonde flights

were designed only to reach 500 mb. Figure 1 shows the mean water

vapor content of different layers of the atmosphere for each of the
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Table 2

Radiosonde and SHHR Determined Values of Total Atmospheric Water

Vapor in the COASEX Experiment

Date Station

July )1, "7$ W!S Papa

$t'pt I J. °'7_ g/V Ocean

Sept 14, "78 W/S Papa

Sept 16, "78 R/V Ocean

Sept 17. "7_ W/_. P.lp.t

Sept 2_0 "7,_ R/V Oce,_n

Sept 24, "78 W/_ P.tp,I

H_,m

Bias

Stand,l_ J devt,:t Ion

SF_SAT Raob

Rcv Time (Z)

495 1500

1120 0747 I

I135 [0911 1

110] i OSl9 /

1178 I 0921 /

1255 / 1822 [

:-'"'I i_°_I

Raob

kR/m 2

22

16

12

12

17

13

IS

3.7

Wentz Wiihelt

kg/m 2 kg/m 2

.... T-

2; _7-T
14 17

12 1_

11

i ....

I ..4 17.

-o.b

(-_,;) (

., 5

_ _-t__

Cogent $

Table 3

Radiosonde and SMMR Determined Values of Total Atmospheric Water

Vapor at Tropical Stations (Results of SMMR Mini-

Workshops I and II)

D,Ite Star ion

Cept 14, "78 Johnston Is

Sept 19. "78 Funafuti

Sept 19° "7R _t.iu.o

Sept 19, "78 Kwajaletn

Sept 19, "78 Wake Is

Sept 20, "78 Guam

Sept 20. "78 W/S _n_o

Satellite Isl.md

SEASAT Ra0b overpass area, %

Rev Time (Z) Time 0 H_ of (;rid

1214-$

1214-5

1214-5

1214-5

;1216

i1216

2315,1115 -0021 0.04

2300 22:52:44 0.1

2255 !22:58:00 0.3

2100 22:58:30 0,5

2100 23:01:10 0.3

2300 ! 0:40:45 19

2llO O:44;45 I
I

_ m

Standard deviat ion

Raob Wentz Nllheit

kg/m 2 kg/m 2 kg/m ?

68 53 49

37 50 51

50 6] 58

66 70 70

42 _2 5]

51 67 62

6] 8_ 76

11,6 S.9

(2_I (17%)

10.5 11.9 ;'1.12

Comments

nrobabiy raining

W/S Tango data

are not incltMed

in _tat istics.

data sets. It suggests that the water vapor content above 500 mb

might be estimated to within ±2.0 kg/m 2. However, initial compari-

sons suggested that the SEASAT determlpatlons were at least thls

good. It was therefore decided to limit comparisons to radiosonde

flights which reached pressures of 250 mb or less, and which were

launched within ±2 hours of the overpass time. These stringent re-

quirements resulted In the set of 19 comparisons shown In Table 4.

The mean magnitude of the difference between overpass tlme and radio-

sonde launch tlme was _5 minutes. SEASAT values of the water vapor

content were obtalne(i from plots of the Wentz algorithm determlna-
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Table 4

Comparisons of Surface Truth and Sle4R (Wentz Algorithm)
Determinations of Total Water Vapor Content in JASIN

DLffnzence
Seasat

Top Se88at S.ql4M

Tllte Itadlotondn Time Preneure Sll4igt qaob )ttBus

hi I_v _ rtlll.C GHT mb k81m 2 kit, Ira 2 hob

219 5_10 0622

219 399 2142

233 800 2245

233 800 2245

234 1105 0633

233 829 2321

235 829 2321

235 829 2321

236 834 0730

236 834 0730

236 843 2253

238 872 2328

239 886 2259

242 929 2312

242 929 2312

244 944 0022

244 958 2J53

244 93B 2353

244 958 2353

C104 0357 200

J083 2143 207

H041 2357 235

N(*) 2341 200

O0

H042 0600 220

C140 236/ 130

0026

U06l 2356 133

H(e) 236/ 200

O0

C141 0557 135

HOb2 0535 215

H077 2347 180

H(*) 239/ 200

00

H098 2358 170

H119 2355 195

M(*) 243/ 200

00

C221 0009 120

C238 2359 180

H245 0037 190

M(*) 245/ 200

00

15.0 14.0 4'01.0

18.9 14.0 +04.9

22.2 21.9 -00,7

21.2 20.5 +00.7

18.1 15.3 +02.8

16.6 18.2 -01.6

17.0 14.6 +02.4

17.3 16.1 +01.2

16.0 15.0 4.01.0

13.2 16.1 -00,9

20.5 21.3 -00.8

23.8 24.7 _01.I

29.3 27.9 +01,4

31.0 28.2 +02.7

36.9 36.8 +00.I

21,0 18.7 +02.9

22.0 20.1 +01.9

21.9 19.6 +02.3

22.5 22.1 +00.4

Hean 21._ 20.3 1.2 (6%)

Standard deviation 3.8 3.g 1.6

KEY TO SfilPS: C • Gardltne Fndurer, H = Hec|a, M o Meteor. J - John Hurray.

elndlcltes Meteor Synoptic Report, the clues are then OOZ on the following Julian Day.

finns covering the JASIN area. The actual value used was obtained

by linear interpolation between the nearest data points. The differ-

ences between the SEASAT and in sltu values shown in Table 4 are

plotted against the radiosonde water vapor values In Figure 2. There

is no obvious relationship.

One point, representing a radiosonde flight from the ship JOHN

MURRAY, has considerably greater difference. Examination of space-

craft and the radiosonde data for this comparison shows no reason

for its rejection. It has, therefore, been retained in the stati_-
tics.

Except for the one JOHN MURRAY value, there is no significant
difference between the various ships. The overall mean difference
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of 1.2 ± 1.6 kg m2 compares well with the accuracy of the radiosonde

determinations which had been estimated at worst as ±3 kg/m 2.

4.2 Tropical Area Evaluation of Integrated Water Vapor at the SEASAT-
JASIN Workshop

The Wentz algorithm determinations were tested on a new, in-

dependent data set from tropical islands and N/S TANCO. After

elimination of incomplete radiosonde ascents and cases with differ-
ences between radiosonde and overpass times much greater than 3

hours, ten comparisons remain. Three of these are for the radio-

sonde station on the island of Guam, whose area is 541 km 2. This

t8 large compared to the footprint of the S_R, 2,900 km 2. (See

discussion of land effects in SEASAT-JASIN Worksnop Report, 1980.)

Table 5 lists the results. The Guam data and the W/S TANGO
data for revolution 427 has been left out of the statistics because

of possible land or rain contamination. The algorithm "fit" to the

in situ data has a mean bias of 4.9 kg/m 2, a 9Z error.

5. LIQUID WATER AND PRECIPITATION RATE PREDICTIONS BY THE SI_W
ALCORITHNS

No direct measurements of total integrated liquid water in an

atn_spheric column and only one precipitation rate measurement is

Table 5

Preclpltable Water Vapor at Tropical Stations, SEASAT-JASIN

Workshop (Wentz Algorithm)

Wentz Jadiosonde Data S_/Wcntz

TiM Algorithm /_tount HlnuR ladionol_$n

R_vNo. Julian _to/D_y Itour-Mln k_/m 2 Station Tlnm kg/m _ kg/m _

}84 204 7/23 20:]8 30.2

b6.86

627 207 ?/26 20:45 77.6

_2 216 8/6 21:]7

621 221 lit 71:51

#28 235 D/23 21:01

_lmmt

70.7 '

80.2

51.5

65.0n

63.6

62.1

gg. S

W/S Tango 2&:_Z 29.2

Gu,m* 24:OOZ 55.0

W/S Tango 2e:_Z _.7

Cune* 26:00Z 57.1

W/S TnnDo 2&:OOz 11.5

W/S Tango 2t:O0Z S3.q

Cuam s 26:00Z b_,2

Woke 24:00L 54,6

tvaJnletn 26:0OZ _.$

_)uro 26:00Z Se.O

l.O

(11.8)*

20.9

(1).6)*

8.7

.b

(2.|)a

S.O

anin vtthin 200 Im

diatnnce (nvttovRdiq
SHI4D nvebera all

Jpprost_ta|7 66.$)

bin

6141 hne locally hlDh

vnluee by 2.G-b.O Iqilw 1

5.6

6.$

Hem $9.1 5).9 6.9 (gz) Gum and VIi TDqo tl|6

ei[minnted it•go Ototittico

$timderd deviat toe 16.5 13,7 3.7

_ Is n lnrge Island. value, probably shov la_ affects.



38

QUALITY OF SMMR ATMOSPHERIC WATER DETERMINATIONS

available for comparisons with SEASAT's predictions. Some general

observations and qualitative evaluations can be made, however.

5.1 COASEX I Results

An encouraging agreement between Wentz algorithm prediction of
precipitation bands along a cyclonic frontal system and evaluations

of high precipitation probabillty from visible and infrared satellite

data was seen in the GOASEX I workshop (Figure 3). The elongated

rain cells are in qualitative agreement with results of the Unlver-
sity of Washington CYCLES Project (e.g. Hobbs, 1979. CYCLES is a

program to study cyclonic storms as they cross the Washington coast.)

A few sblps' reports near the frontal zone give corroborating evi-
dence that _ can identify frontal precipitation.

The liquid water content calculations had a bias at the time

of GOASEX I and gave unintelligible results.

5.2 J__ASIN Area Evaluations of Liquid Water and Precipitation Rate

The precipitation which occurred in JASIH was typically very
light. Of the 30 SMMR revolutions, only a few show coincidence

between reported precipitation at the ships and by SI_, viz.,
revolutions 355, 432, 929, and 1006. These cases are listed in

Table 6. During these revolutions, the rain appears to have been
of the type called 'Widespread" with several ships reporting some

form of precipitation. For this situation the Wentz algorithm pre-

dicts the rain occurrence very well. In one case, a measurement of
the rain rate was available. From the R/V JOHN MURRAY rain gauge
measurements between 20:OOZ and 21:OOZ on July 21, we can estimate

a rain rate of 0.2 mm/h. Wentz algorithm calculates 0.0 to 0.2 mm/h

at the footprints surrounding this ship location.

There are several occasions when ships report light rain or

showers close to the time of the overpass, viz., revolutions 547,

556, 590, 597 and the series on August 21 and 24 (791, 834, and 843)

and the algorithm does not predict rain. For these last three re-
volutions the ships report showers, and the Wentz algorithm gives

liquid water contents of 0.04, 0.08, 0.10 kg/m 2, etc., which are
all less than the threshold value of 0.5 kg/m L used to infer rain.

With showery precipitation the footprints of the S_would not be

filled with the heavy concentrations of liquid water associated with

the convective cloud elements producing the showers. This is an

inherent limitation of the SHHR resolution, and is not dependent on

the algorithm. An interesting case was found where SMMR shows

centers of high liquid water and high water vapor content and some

ships report thunderstorms while the SEASAT scatterometer wind

determinations did not agree with ship measurements within the

typical accuracy (Guynw.r et al, 1981).

k
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\

Fig. 3: Rain rate for rev 1212 obtained with the Wentz

algorithm with superimposed ship observations. Note the

report from R/V OCEANOGRAPHER at 48.7°N, 133.5°W, which

reports raln in sight and rain in the previous 3 hours.
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From the data collected in Table 6, an Intercomparlson in the

JASIN area of the Wentz and Wllheit liquid water algorithms can be
made. It reveals a nonlinear relationship for values less than 1.2

kg/m 2 (Figure 4). An intercomparison of the rain algorithms suggests

a linear relationship between the two with a standard deviation of

leas than 0.3 ma/h (Figure 5).

5.3 Troplca! Area Liquid Water and Precipitation Rate Al&orlthm

Intercompayiso__n.n

Since any comparison data for either liquid water or precipi-

tation rate was unavailable in the tropical areas, an intercmspariscn

of the determinations of these quantities by the Wentz and Wilheit

algorlthum was made. As seen in Figure 6, a relationship between

the liquid water algorithms exists for values below 1.2 kg/m. This
is similar to the relationship in the JASIN area, except that the

intercept is not zero. Above 1.2 kg/m the correlation breaks down.
(Data affected by land have not been identi_led in this correlation.)

The Wentz and Wilheit rain algorithms show a large amount of
scatter in their correlation (Figure 7). Wilheit values are typi-

cally larger and give in _ome cases between 0.1 and 1.5 _/h of rain

rate where the Wentz algorithm predicts zero rain rate. This indi-
cates that the algorithm may not yet be depended on to flag regions

20

z

r_
t_J
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Fig. 4:
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Wentz versus Wllheit liqdid water estimates in JASIN.
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Fig. 5: Wentz versus WILhelt raln rate estimates in

JASIN. The circled station• corre•pond to 355, 1006,

vlde•pread rain. 791...958 had shower type precipitation.

where other parameter determination• might be compromi•ed by rain in

the field of view.

6. CONCLUSIONS

The integrated water vapor value• retrieved vlth SEASAT SI@_

algorithms are a• accurate in midl•tltudes as integration• of r•dlo-
sonde data and Bore repre•entative_ Vhen care i• taken in •electing

data p•lr• for intercomparl•on• in the troptc•, the Wentz algorithm

agrees within lOT with a limited number of radiosondes. The large
areal coverage by SIOgA is already contributing to • better scientific

underst•nding of the water vapor content end structure of front•l

systems affecting the JASIH experiment, particularly since it extends
beyond the •emil meteorological triangle (Taylor et el, 1981).

Further. being biased to lower atBo•pheric levels (Figure 1), the
integrated water vapor i• • better indicator of surface frontal

position, which may be obscured by high clouds in visible and infra-

red images.
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FIB. 6: Wantz versus Wllhelt liquid water estimates In

troplce.

The integrated 11quid water and rain rate values provided by
S]4NIt are essentially unproven to date. These data provide Infor-

mation deep within a synoptic system, but emphasize different

levels titan the Integrated water vapor. The qualitative picture,
which emerges from the GOASEX and JASIN plots, Is consistent wtth

other observations and quite exciting. The presence of liquid water
indicates release of latent heat, vertical notion, and therefore

converaence and divergence (e.g. 14steJka et el, 1978), which nay be

used as d)maalcal input to atmospheric nudela. The two -,,in a18o-

rlthmm are In poor agreeuent o. absolute values of liquid water
content and rain rate, which Indicates that much work Is needed In

this area. Because of the small horizontal scale of many types of
cloudiness and precipitation, greater scientific contributions are

expected from the future LA/4MR (Large Antenna Nultlcbannel IMLtcrowave
Radiometer), whose resolution will be of the order of 10 km for the

atmospheric water related parameters.

L__
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Fig. 7: Nentz versus Wilhelt rain race estimates in tropics.
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Determinations by Semat of
atmospheric water and synoptic fronts
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Independently evaluated SMMR and radiosonde estimates of

q, were 0ompared at the Seasat-JASIN Workshop" (Fig. 1).
The SMMR results were evaluated using the Wentz algorithm t°.
the nearest grid values being linearly interpolated to the
radiosonde launch position. Radiosonde data from the JASIN

experiment, conducted in the North Atlantic (600N, 12"W)
durinf, July to September 19783, are shown. Specially calibrated
fast sampling radic_o,des were used and comparisons restricted
to flights launched within ±2 h of Seasat overpass time. Esti-

mated accuracy of the radiosonde q, value was ~±1.7 kgm -2
(ref. 13). The mean difference, SMMR minus radiosonde, was

1.2.1.6kgm -2. To provide comparison at higher q, values

R.G. UIm

Jet Pro_ Laboratory, Pasadena. California 91103. USA

The Secret kaNiq MeJlicham_ Mllerownve Radiometer
(SMMR) :'s detemdned the totld ntmosphefl¢ water vqmur, q, 400

MiO.ltm wide swaths wlth a rn_lutkat d 84 tuu. Udq
ndluomk _ _ tim _ Ak-Sn latemeliou esperimeat, ;

JASIN 3, we 8bow bet_ that the SMMR q, dimdlmtlo_ can be
u_d _ d0CmctIbe pcmithm d _ IrouU In the lower

I" \ /u,m,. m s..x

d blmild dotal. Advm4q_ of the SMMR over pnvJom
pemive _ve Imerume_ oe tatdltn inch as Nimbm S
md 6 (ro4b _) me: tim ase d rowe dmmu4s, edlowi-8 hatter

dbalmlaatkm batweem the ellet_ o4_ water, water vapour

es. ,,..; re  o.. _ .S.mn
hen been evaluated m wvm_l wodukope . Our

oeeuntey to/m dm mdloeoa_meemmmHmts.mmltsJJ8bow tim the SMMR q, det_ lave dmihu' I'000L * i t ! t , i t /

t ob • ]

"i|
I

0

RS (ks m- :l

Iq_ I Compemoo o( intelgated 8tmmpberk: water vapow ¢, m
by the SMMR and by rad6oeoodu, x, JASIN vahm; 0,

tropical wundlaqp, a indi_tes tropical soundings for which SMMR
valves my be too high due to the idand of Guam being within the
field of vmv. (J,5MMR valves may have been affecled by heavy

rain.

0 2 4 6

Atmospheric water vapour content (k8 m- :)

IqS. 2 Mean atmospheric water vapour content of lO0-mbsr
layers durin8 JASIN. Solid line sho_5 the mean value and the
dashed line the standard deviation of indiv_.dualobservations for

some 200 radiosonde flights of which ! 10 reached 400 mbar.

radiosonde flights from tropical islands and weather ship Tango
are also plotted. These are standard synoptic ascents within 3 h
o( overpass time. Estimates of q, cannot be obtained over land
and the tropical island of Guam, being significant in size
compared with the SMMR resolution, may have affected the
data for three flights marked. One comparison may be affected

by local heavy rain. Eliminating these flights the mean difference
is 4.9:k 3.'7 kg m-:. Radiosonde errors would he expected to be
greater in these ascents and, as for JASIN, the actual error due
to the SMMR is not known. However, changes to the SMMR
evaluation procedures following the Seasat-JASlN workshop
have shown reduced biases:'.

The SMMR alto provided liquid water and rain rate esti-
mates; however, no quantitative evaluation was possible

because of the difficulty of obtaining reliable in situ measure.
manta. The horizontal variation of liquid water content was
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Fill. 3 NOAA 5 IR satellite photGgraph at 10.37GM-r on 5
September 1978 showing z front stretching from Ireland and
Scotland (lower left) to Iceland _.upper right). $MMR derived
values of q, are shown in kg m-'. The dashed line marks the
maximum in these values. (Photograph: University of Dundee.)

qualitatively consistent with the meteorological conditions (see
ref. 16). For JASIN, SMMR indicated rain when precipitation
was 'widespread'--reported by several JASIN ships. Light scat-
tered showers were not detected probably because such showers

have horizontal dimensions very much less than the $MMR
resolution. Although difficult to obtain", quantitative deter-
mination of rainfall would have obvious meteorological value.
Rain detection is also needed to flag doubtful '7, values (Fig. !).
However, two different rain rate algorithms used in SMMR

evaluation gave different quantitative results showing that much
more work is needed on this variable.

The accurate horizontal distributions of q, provided by
SMMR are useful not only for the calculation of atmospheric
water budgets _', but also for determining the position of synop-
tic scale fronts in the lower troposphere. To demonstrate this we
need to consider the vertical distribution of water vapour in the
atmosphere. Figure 2 shows the mean water vapour content of
each 100-mbag atmospheric layer for the whole of the JASIN

experiment. The water vapour content falls rapidly with

decreasing pressure and temperature, ~80% of the total o_cur-
ring in the lowest 250 mbar. in contrast the variability of water
vapour content is a maximum not at the surface but in the
900-800 mbar layer, and decreases less rapidly, 80% of the
variation being spread over the lowest 400 mbar. Thus for this
mid-latitude area, altbough the surface boundary layer is typic-
ally |-2 km deep and contains much of the water vapour, the
variability of q, is not dominated by boundary layer processes
but reflects chanles in humidity at levels up to 5 km. Synoptic
scale fronts cause moistening at these levels and hence result in

I Ull Ill nl ! I l/lilt I lilt II I I I a

":" . o_r_ ...--..

No" :'"""'"" ':"" "_"i"'._.::'i....;J ..... ':.... '..":":::

as] _, _II--'WIr'lf , I _ I t I , I If
O0 12 90 12 00 OMT

24 25 26 August7S

FIg. 4 a, Time-height atmospheric cross-section showing the
variation of specific humidity with the passage of a warm front.
Values shown are 2 g per kg (dotted), 4--6 g per kg (wide dia;,on-
sis), 6-8g per kg (close diagonals), above 8 g per kg (cross-
hatched). The section is bated on 31 radiosonde flights at the times
marked at the top. The dashed line marks the approximate region
of the frontal surface, b, Values of q, from the radiosonde data
(solid line), SMMR (m) and SMMR q, distribution at 07.30 GMT on
24 August. The moist air ascending the front results in an increase
in q¢ with time to a maximum at about the time of surface frontal
passage. Following the front there is a decrease to the warm air

boundary layer value..

significant variations of q,. For example, Fig. 3 shows a NOAA 5
satellite IR image in which an occluded front is marked by a
250-kin wide band of cirrus which masks any lower level clouds.
The variation of q, measured by SMMR showed a strong maxi-
mum associated with the front, marked in Fig. 3 by the broken
line. The position of this maximum was well defined to within the
54-kin SMMR resolution, except in one area where a more
complicated frontal structure was indicated.

The actual position of the sudace front relative to the q,

maximum will vary from case to case. As an example Fi,l. 4a
shows a radiosonde derived time-height cross-section of specific

humidity during the passage of a warm front. Although the front
was a significant feature of the radiosonde data, lack of frontal

cloud prevented its detection in visible or ]R satellite images.
The corresponding variation of q, is shown in Fig. 4_. SMMR
values are in reasonable agreement with the radioso_/.c values.

A difference on the 26 August was probably caused by larger
values of q, occurring justoutside the JASIN area but within the
SMMR resolution ceil. Radiosonde _bservations from other

JASIN ship* show that the front propagated throulh the area
with little change in structure and hence the SMMR horizontal q,
distribution for 07.30 OMT on 24 Aulust hat been trlmdormed
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to the time vitiation shown by the dashed line in Fig. 4. Both
radiosondes and SMMR show that, in spite of a marked reduc-
tion in boundary layer height, there was a gradual increase of q,

with the approach of the front. The surface passage of the front
was marked by • sharp decrease of q, to the warm air boundary

layer value. By mapping these q, variations in the SMMR data
from several Seasat orbits the changing position and alignment
of the front have been determined more precisely than was
possible using the conventional meteorological observations.

Deteclion of synoptic fronts in the lower troposphere using
SMMR q, measurements offers an important new aid for
meteorological analysis which is already proving valuable in the
interpretation of the JASIN data.

K.B.K. acknowledges s|tpport by NOAA/NASA contract
NA 78 SAC 04102 and the Jet Propulsion Laboratory.
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Atmospheric w_tcr distributions determined by the Seasat

Multichannel Microwave Radiometer

P.K. Taylor (Institute of Oceanographic Sciences, Wormley)

T.H. Guy_er (IOS, Wormley), K.B. Katsaros (University of

Washington, Seattle), R.G. Lipes (Jet Propulsion Laboratory,

Pasadena).

Abstract

The Seasat Scanning Multichannel Microwave Radiometer

(SM_) provided determinations of total atmospheric water

vapour qv and liquid water ql and estimates of rain rate.

During the life of Seasat the Joint Air Sea Interaction

Experiment, JASIN, took place in the North Atlantic. JASIN

radiosonde data show that variations in qv and ql reflect

changes of structure in the first 500mb of the atmosphere.

For JASIN qv had values betweeh I0 and 30 kg/m' and varied

by 15 kg/_. _ for a given near surface humidity value, hence

surface hu_idJty was a poor predictor of qv" Comparisons

show that the SM_ m_asures qv at least as accurately as

the JASIN radiosondes. SMMR ql and rain rate values are in

qualitative agreement with JASIN observations. Quantitative

evaluation is hampered by lack of independent measurements;

for those few cumparlsons which can be made, agreement is

good.

Examples are given of the use of S_R data in the

detection of atmospheric fronts, the mapping of areas of

widespread rainfall, and the detection of a mesoscale

thunderstorm area. The S_ is shown to be a valuable re-

search tool contributing to the analysis of the OASIN data.
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I. Intzoduction

Seasat, the first oceanographic satellite using micro-

wave sensors, was launched on 28 June 1978 and failed on l0

October 1978. The satellite (Born, Dunne & Lame, 1979)

carried five instruments including a Scanning Multichannel

Microwave Radiometer, SM_R (Njoku, Stacey _ Barath, 1980)

a similar instrument to that currently in operation on Nimbus

7. The S_ measured microwave radiation from the earth at

five frequencies between 6.6 and 37 GHz for both vertical and

horizontal polarizations (Table I). This allows estimation

of sea surface temperature and wind speed; and atmospheric

water vapour, liquid water and rain rate (Wilheit, 1978;

Wilheit, Chang & Milman, 1980). This paper will considcr the

last three variables which represent major components of the

atmospheric water budget.

Passive microwave radiometry has been previously used

to measure atmospheric water from satellites such as Nimbus

5 and Nimbus 6. Both the Nimbus 5 Microwave Spectrometer,

NEMS (Staelin, Kunzi, Pettyjohn, Poon, Wilcox & Waters, ]976),

and the Scanning Microwave Spectrometer, SCAMS (Rozenkranz,

Staelln & Grody, 1978), used a 22 GHz water vapour channel and

31 GHz window channel for atmospheric water vapour determina-

tions (e.g. Viezee, Davis & Wolf, 1978_ Liou & Duff, 1979).

Electrically Scanning Microwave Radiometers, ESMR, carried on

Nimbus 5 (Allison, Rodgers, Wilheit & Fett, 1974; Wilhelt,

Chang, Rao, Rodgers & Theon, 1977) and Nimbus 6 (Rodgers,

Siddalingaiah, Chang & Wilheit, 1979) were designed to map

rainfall areas. The advantages of the SMMR over these previous

instruments are the incorporation of additional channels to
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allow better discrimination between the effects of liquid,

water, water vapour and sea state and improved s_atial

resolution (Table I).

Seasat was an experimental satellite and the perfor-

mance of the sensors has required valldation by comparison

with in situ measurements. For the S_J4R the Gulf of Alaska

Exporiment, GOA_EX, was designed for this purpose. The

results have been evaluated at a nun_er of workshops and

reported in GOASEX I Report (1979), Lipes et al. (1979),

SMMR-Mini I Report (1979), SMMR-Mini II Report 1979 and

GOASEX II Report (1980). The results for atmospheric water

are summarized by Katsaros, Taylor, Alishouse and Lipes

(1981).

During the life of Seasat a large, independently

organized field oxperiment, the'Joint Air Sea Interaction

experiment, JASIN (Royal Society, 1979) took place in the

North Atlantic Ocean. Comparisons of Seasat data and JASIN

measurements are reported in the Seasat-JASIN Report (1980)

and SMHR-Minl Ill Report (1980). The JASIN radiosonde data

has been particularly valuable in evaluating the SM_

atmospheric water determinations (Katsaros et a l., 1981).

The aim of the present paper is to demonstrate the value

of SMMR derived atmospheric water distributions for scientific

analysis of atmospheric structure by presenting examples from

the JASIN exporlment. SMMR data will be used to detect the

position of atmospheric fronts, to map rainfall regions, and

in the detection of mesoscale features. However, first it

will be neces_ary to consider how two quantities measured by

SHHR, tile tot:1 _tmospheric wator vapour content qv and the

total liquid w_ter content ql' relate to tho vertical structure
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of the atmospher_ and to consider the accuracy of the SMMR

measurements of these quantities.

2. Radiosonde and SMMR determinations of atmospheri c water

2.1 The JASIN radiosonde observations

During JASIN radiosonde ascents were released from three

ships which formed a triangle of approximately 200km sides

centred at about 59%°N, 12%°W in the North Rockall Trough

region of the North Atlantic. The ships were on station

between 23rd July and 8th August and 22nd August to 4th

September, 1978. During certain periods a fourth radiosonde

ship was positioned at the triangle centre. Radiosondes

were released from each ship at intervals of at most six

hours and at approximately hourly intervals during the day-

light hours of chosen intensive days. VIZ 1220 and 1223

radiosondes were used with factory" calibrated "premium"

sensozs of U.S. National Weather Service type sampled every

0._ seconds. The resulting data set provides a uniquely

detailed description of the troposphere at a midlatltude open

ocean site during a summer time period. The data will be

used to show the variability of the observed atmospheric

water amounts and to provide comparisons with the SMMR

measurements.

2.2 Atmospheric wator vapcur variations

The variability of the integrated atmospheric water

vapour content qv during JASIN has been summarized by Taylor,

Katsaros & Lipes (1981) but will be discussed here An more

detail. Figure I shows mean values of qv for 5mb layers for

all the JASIN radiosonde flights evaluated to date, a}_ut

600 ascents. As is well known,the decrease of temperature

with height results in a rapid decrease of qv; some 805 of



53

qv occurring in the range p* = 0 to p* = 250mb where

P* " Pc - PJ

with Pc the surface pressure and pj the pressure at the

level of interest. In contrast the standard deviation of

qv for each 5mb layer is a maximum not at the surface but

in the p* range 120mb to 230mb. This is due to the relative

uniformity of the surface boundary layer and the large

fluctuations in qv for those layers which are sometimes

within the boundary layer and at other times within the

drier air above. The standard deviation remains comparable

to the surface value to about p* = 550mb and 80% of the

variation is spread over the p* range 0 to 400mb. Thus

despite the maximum of qv at the surface, variations of qv

may reflect changes in at least the first 500rob of the

atmosphere.

An important consequence of the above is that the use

of surface humidity measurements together with a standard

model atmosphere to calculate the moist tropospheric radio

range correction for satellite radar altimeter measurements

(e.g. Saastamoinen, 1971) is subject to significant error.

This is demonstrated by Figure 2 which shows the JASIN radio-

sonde qv values plotted against the observed near surface

specific humidity. The dashed lines represent limits within

which the points may, _ priori, be expected to lle. The right

hand cutoff simply represents 100% near surface relative

humidity for the mean observed air temperature, points to the

right represent higher air temperatures. The sloping dashed

lines have been calculated using a slmp]e model at,_sphere.

This contains a surface boundary layer in which the surface

specific humidity and potentlal temperature are constant with

hQight (i.e. well mixed) until saturation is reached at the
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lifting condensation level (LCL). Above the LCL, IOC%

humidity and constant equivalent potential temperature are

.

assumed until a specified inversion height p_ above ,_ich

a mean JASIN temperature profile and constant relative

humidity are assumed. The lower dashed llne represents a

boundary layer to p_ - 100mb and 20% relative humidity

above (or equivalently p_ = 170mb and 10% above). This

is approximately the minimum qv model for JASIN. The

upper dashed llne represents p_ = 0mb, that is IC0%

relative humidity from the LCL upwards. The observed points

however are not bounded by this line but lie beneath the

sloping chain line which has been taken nominally to be p_ =

120mb and a relative humidity above the boundary layer equal

to the near surface value. The inference is that drier air

does not occur at the surface without drier air being pre-

sent above the boundary layer. The final bounding line, the

left hand vertical chain llne, represents surface humidity

of 65% the lowest values observed during JASIN.

The variation of qw with near surface humidity is

therefore more llmited than might be expected, particularly

for lower values of the latter. However, the maximum range,

at near saturation surface values, was 15kg/m*. This would

represent an error of about 11cm in a radar altimeter measure-

ment, a significant error in detecting the sea surface slope

associated with ocean currents by satellite altlmetr_.

2.3 Comparison of S_.IP, and radiosonde qv measureme_.s.

The comparison of SMMR and radiosonde determinations of

qv st the Seasat JASIN workshop has been reported by Katsaros

e_t a._l. (1980) and Taylor" et al. (1981) and will only be

summarlzcd here.. Figure 3 sho_s co,r|:ar_sons for JASIN ascents
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(crosses) and tropical soundings (circles). For JASIN the mean

difference, SMMR mlnus radiosonde, was 1.2 + 1.6kg/m' which

compares very favourably with the estimated accuracy of the

radiosondes of _ 1.7kg/m'.

In the tropics radiosonde errors would be expected to

be greater, and, after elimination of values contaminated by

land effects or, in one case, heavy rain, the mean dlfferehce

was 4.9 _ 3.Tkg/m 2 . Changes in the SMMR evaluation procedures

following the Seasat-JASIN workshop have removed this bias

(SMMR-Mini III, 1980), and it appears that SMMR can measure

atmospheric water vapour at least as accurately as radiosonde

ascents.

2.4 Radiosonde determinations of liquid water.

Radiosondes do not measure liquld water and the only

direct measurements available for JASIN were obtained by air-

craft equipped with Johnson-Willlams type Instruments(Slingo,

Nicholls & Schmetz, 1981). These measurements were limited

in space and time and in order to attempt to provide compari-

sons with Seasat estimates an attempt has been mmde to extend

the data by inferring liquid water conter, t from the radiosonde

flights. Fortunately Slingo et all. 1981 show that, fo_ the

marine stratocumulus layer which frequently occurred durlng

JASIN, the liquid water content was very close to that calculated

h_ adiabatic ascent of a parcel of air from cloud base. The

level at which the radiosonde balloon was observed to enter

cloud was noted during JASIN and hence, for stratocumulus, the

specific liquid water content Ql is given by

01 = OcB - 0j

where QCB and Oj represent the spuclflc humidity at cloud base
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and at the level of interest. The total liquid water centent

is therefore obtained by integrating between cloud base and

the cloud top. For the JASII_ radiosondes the mean relative

h_idity at cloud entry was 98 + 3% and a fall to 95% or

less was arbitarily chosen as r_rklng cloud top. This gave

good agreement with the aircraft measurements where these

were available. Upper cloud layers were assumed if the

relative humidity rose above 98_, extending until values

less than 95% were encountered, and the calculations were

performed for all ascents irrespective of cloud type;

the justification for the latter being to attempt to make some

estimate of ql however approximate.

The resulting radiosonde derived liquid water data is

represented in Figure 4. The continuous line shows the

number of ascents reportlng "cloud" at each level from a

total of about" 600 ascents of which all but 50 reached 500mb.

The maximum occurs just below the maximum variation of qv

(Figure I), that is below the mean boundary layer top. The

dashed line shows the mean liquid water content for each

5mb layer where the mean is taken over only those ascents

reporting liquid water at that level. This increases

through the boundary layer and then remains high as long

as "clouds" are present. This behaviour probably reflects

the adiabatic assumption used as much as the real atmospheric

distribution, however it does suggest that all layers to 500mb

could make a significant contribution to liquid water content.

The dotted line shows the n_unber of ascents reporting cloud

if only the lowest cloud layer, that which the balloon was

observed to enter, is included. The liquid water content

(not shown) wa_ similar to that for all layers except that

the cutoff was at about p" = 300m_.
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2.5 SMMR determinations of liquid water

Katsaros et el. (1981) present comparisons of two

different algorithms used in evaluating the SMMR data. For

JASIN the agreement was within about 0.06kg/m 2 for ql less

than Ikg/m 2 . For higher ql values and in the tropics

agreement was less good with the Wentz algorithm (GOASEX I

Report, 1979) giving higher values than that of Wilheit

(Wilheit & Chang, 1979). Under certain circumstances both

algorithms exhibited negative . "_es°'__'" suggesting a bias,

(SMMR-MIni III, 1980) however this was not evident in the

Wentz determination for the JASIN area which will be used

in this report.

2.6 Comparison of SMMP. and Radiosonde ql values.

A comparison of SMMR ql measurements and in situ

estimates is shown in Figure 5. The S_U4R values represent

the mean liquid water content for all passes on a given day

for the area 58.5°N to 61°N and _°W to 16°W. The radiosonde

values represent the mean fol all flights on a given day for

all of the ships, different symbols indicating the magnitude

of the standard deviation between the three ships. Solid

symbols represent those days on which a relatively uniform

stratocumulus layer covered the area. The aircraft measured

values are shown by squares. That shown in parentheses was

darive_ from a single profile (S. Nicholls, personal com-

munication}, the other being a mean of several profiles

(Slingo et el. 1981). For both aircraft measurements there

was a uniform stratocumulus cover. The figure shows that

for ql less than 0.2];g/m a the standard deviation of the

radiosonde values was small and the agreement with SFa4R was

good, particul_rly for the stratocumulus cases. At higher
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ql values the radiosondes showed high variability and tended

to overestimate compared to SMMR. This would be expected,

both because the adiabatic assumption is less likely to hold

for deeper cloud layers, and because of the assumption that

a higher cloud layer always occurred when over 98% relative

hum/dlty was observed. Figure 6 shows the comparison if

only the first, observed, cloud layer is allowed. The

standard deviation of many of the radiosonde values is de-

creased and more cases are in agreement with the S_R. There

is a possible tendency for the radiosondes to underestimate

for the non-stratocumulus low ql days (open circles). This

again is reasonable since those represent broken small

cumulus cloud cover which is badly sampled by the radiosondes.

In sun_ary, for those cases where the radiosonde liquid

water measurements should be reliable agreement with SMMR is

good. For the other cases the differences between SMMR and

radiosondes are physically reasonable. The comparison further

emphaslses the difficulty of obtaining liquid water data by

_mans other than microwave radiometry.

2.7 SMMR measurements of rain rate.

SMMR rain rate determinations are discussed by Katsaros

et al. (1981) and S_-Mini III (1980). For J_SIN the Wentz

and Wilhelt algorithms (section 2.5) showed a scatter of about

0.Smm/hr in rain rate. For the tropics the scatter was much

_reater. The Wilhelt algorithm predicted rain for more cases

tha_ did the Wontz. Qualitatively, for JASIN, SMMR predicted

raln when precipitation was "widespread", i.e. reported by

several JASIN ships. Light scattered showers, with horizontal

dlmcns..ons very much less than the SMHR resolution, were not

detected. Lack of surface truth has prevented a quantitative

comparison, however section 3.2 below presents a single example
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in which SMF_ and ship measured rain rates were in reason-

able agreement.

3. Examples of SMMR atmospheric water distributions for the
JASIN area.

3.1 The detection of atmospheric fronts.

Taylor etal. (1981) have shown that the position of

atmospheric fronts could be detected by S_:R on occasions

where lack of distinct cloud structures made detection by

visible or infra-red imagery difficult. Figure 7, taken

from their paper is a time height cross-section showing the

variation of specific humidity with the passage of the warm

front based on radiosond_ ascents from the ship Endurer at

the northwest corner of the JASIN triangle. The values of

qv for the 31 radiosonde flights used is shown in the lower

part of the figure. The ascending warm molst air results in

an increase of qv to a maxlmum at about the time of frontal

passage. There is then a sharp fall to the warm air bounda=y

layer value. It is now possible to superimpose SM_ values

on the figure (square symbols). These show good agreement

with the radiosondes except on the 26th. The disagreement

at this time is probably due to strong gradients of qv near

the JASIN area and within the SMMR resolution cell.

Figure 8 shows the S_ qv distribution at 0730 gmt

24th August 1978, _hat is near the start of the period shown

in Figure 7, superimposed on the NOAA 5 VHRR infra-red image

for 1138 gmt. Values of qv measured by the JASIN radiosonde

ship triangle (shown in boxes) are in good ag=eement with the

SMMR data. The JASIN radiosonde observations indicate little

change in the frontal structure with time. Hence the hori-

zontal distribution in Pigure 8 can be transformed into a

tlm_ variation of qv at Endurer using the _ppropriate
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propagation speed, taken as 2 m/s toward 005 ° . The resulting

time variation of qv is shown by the dashed line in the lower

part of Figure 7 and agrees reasonably with the radiosonde

values.

Thus the surface frontal position has been marked on

Figure 8 by reference to the SMMR qv distribution and the

frontal movement has been calculated using succeeding SMMR

passes. This was not possible using visible and infra-red

imagery because of the lack of any distinct cloud band

associated with the front (Figure 8). Nor was the frontal

position detectable in the standard synoptic surface data

and the front was shown as discontinuous in the U.K.

Metecrological Office analysis. Frontai detection by S_MR

will concx!erably aid interpretation of the JASIN radiosonde

data.

3.2 Detection of _ainfall areas.

During the evening of 30th August 1978 an occluding

frontal system passed over the JASIN area. SMMR rainfall

rates m_asured at 2311 gmt are shown in Figure 9 superimposed

on the NOAA 5 VHRK Infra-Red image from 2030 gmt. The

approximate positions of the surface fronts were marked by

reference to the VHRR and S_LMR data and corresponds approxl-

mately to the U.K. Meteorological Office analysis except that the

latter placed the occlusion point about 100km to the West.

•The SMMR qv and ql distributions are shown in Figure I0.

The warm air sector ahead of the cold front had qv values

greater than 3_kg/m _ compared to a minimum in the cold air

to the east of the frontal system of less than 12kg/m*.

Liquid water co;,tent was generally less than 0.2kg/m _

&xcept in the occlusion point region where a large area

had ql greater than 0.6kg/m * with a ma::imumof over 0.8kg/m _ .
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The area of over 0.4mm/hour rain is shaded. The figure may

be interpreted in terms of the ascent of warm moist air in

the occlusion region with condensation to liquid water and

the production of rain.

The SMMR data on the 30th and 31st suggested that the

main rain area moved at 12m/s towards ii0 °. Using these

values rain would be predicted at HMS Hecla at the northeast

corner of the JASIN triangle between 1600 and 2300 gmt with

a mean SMMR rain rate of 0.4mm/hour. Figure ii shows the

rainfall as measured at HMS Hecla. Rain occurred between

1600 and 2400 gmt with a mean of 0.Tmm/hour. Considering

the difficulty of making accurate shipboard measurements of

rainfall this is in reasonable agreement with the SMMR.

Quantitative rainfall measurements were not available

from the other JASIN ships, however Figure l_shows the pre-

sent weather types, reported in standard meteorological

code, plotted in a frame of reference moving with the S_4R

rain area. Observations of rain generally lie within the

0.2mm/hour S_R contour while SMMR values between 0.i and

0.2mm/hour correspond to drizzle. However, the distinctions

between moderate and slight rain and whether intermittent

or continuous do not correspond with SMMR rain rate values.

This example shows that the SMMR ralnfall rates can

be used to map areas of widespread rain over the ocean.

It is hoped to use the SMMR data quantitatively to estimate

total rainfall amounts and latent heat release in the

occlusion point region, however this awaits a complete

trajectory analysis for the situation.

3.3 Mesoscale features

The S_R can resolve atmospheric structures having
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length scales of 100km and upwards and the last example

shows the detection of a thunderstorm area on 4th August

1978. This feature was detected by several of the Seasat

sensors and has been discussed in more detail by Guymer,

Businger, Jones & Stewart (1981). Figure 13 shows the

synoptic situation at about 2100 gmt. A near stationary

cold front lay to the southwest while a cold occluded front

moved southwestward through the JASIN area at about 5m/s.

Radiosonde ascents showed that between these fronts

boundary layer convection was prevented from penetrating

above about 2km height by a strong temperature inversion

with marked the warm front surface of the occlusion. The

air above this inversion was potentially unstable and

could suppOrt deep convection extending from 2 to 6km if

lifted by a small amount. The SMMR derived qv and ql

distributions are shown in Figure 14. There was a region

of high qv between the fronts with low values in the

cold air sectors. A maximum in ql occurred at the cold

front presumably indicating ascent of the warm air over

the frontal surface. Maxima in qv and ql occurred to the

southeast of the JASIN area at a position marked by deep

convective cloud in the NOAA 5 VHRR and Seasat Visible

and Infra-Red Radiometer imagery. Assuming that this

feature was steered with the mid-tropospheric flow

(Newton & Katz, 1958), it would have passed over the

southern part of the JASIN triangle at about 2330 gmt.

Three of the JASIN ships in that region reported thunder-

storm activity between 2100 gmt and midnight.

Thus a mesoscale region of midlevel thunderstorm
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activity was detected in the SMMR data as a maximum in qv

and ql" Despite the deep convection the ships reported

llttle precipitation at the surface during the period and

S_4R indicated zero rain rate over the area.

4. Summary.

For a mldlatitude deep ocean area variations An

integrated water vapour, qv, and liquid water, ql' reflect

changes in the structure of the lower 500mb of the

atmosphere. Surface humidity is a poor prediction of qv

however SMMR measurements of qv are at least as accurate

as radiosonde values. SMMR values of ql agree with radio-

sonde estimates for uniform marine stratocumulus cloud

cover. For other cases the SMMR estimates appear reason-

able but lack independent conf .rmation. Similarly for

rain rate'the SMMR estimates appear qualitatively correct

and quantitatively reasonable for cases of widespread

rainfall however good independeD= measurements are lacking.

This was demonstrated for the ascent of the warm air at

an occlusion.

SMMR derived qv distributions may be used to position

synoptic scale fronts even in cases where this is not

possible from vlslble or infra-red imagery. A mesoscale

region of midleve _ t. _derstorm activity was detected in

the SMMR data as n,a:._ma in qv and ql"

The examples which have been shown represent the

first stages in the use of SMMR measurements in analysis

of the JASIN data. The JASIN radiosondes, JASIN surface

observations and SMMR measurements are complementary data

sets with which it i_ hoped to improve our understanding
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of the midlatitude atmosphere over the ocean. Despite its

short life the Seasat SMMR has graduated from a sensor

validation project to an actively used research tool.
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4.6

2.8

1.7

1.4

0.8

l_trleval Grid
]au x _u

150 x 150

85 x 85

54x54

54x54

27 x 27

Quan_ey

Sea surface ta_ra_

Precipitation rate (18H),
Water vapour, liquid

water

Water vapour, liquid
water

Precipitation rate (37H),
Windspeed in clear air,

Water vapour, liquid water

Table Io Characteristics of the Seasat SMFR channels.

The retrieval grid is referred to a 3dB limit.
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Mean atmospheric water vapour content during JASIN

for 5mb layers and the standard deviation of

individual radiosonde observations for each layer.

Data was available for about 600 ascents.

Integrated atmospheric water vapour content qv

for individual radiosonde flights plotted against

the near surface specific humidity at the time of

launch. The top scale shows approximately the

equivalent near surface relative humidity. For

further explanation see text.

(after Taylor e t al. 1981) Seasat-JASIN workshop

comparison of integrated atmospheric water vapour

qv as measured by the SMMR and by radiosondes.

JASIN values are shown by crosses, tropical

soundings by circles. (1) - indicates tropical

soundings for which S_4MR values may be too high

due to the island of G_um being within the field

of view. (2) - SMMR values may have been affected

by heavy rain. Processing changes since the workshop

have removed the tropical data bias.

Number of radiosonde ascents for which cloud is

inferred for 5mb layers of the atmosphere (full

line: multiple cloud layers; dotted llne:

first layer only). Also shown is the mean liquid

water content for cases reporting cloud in each

layer (dashed line).
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Figure 6.

Figure 7.

F_gure 8.

70

Compar_nn of SMMR, aircraft, and radiosonde

estimates of total liquid _:-ter ql where radio-

sonde estimates include all cloud layers.

I" Aircraft, other symbols indicate radiosonde

values with standard deviation (kg/m 2 ) as follows:

0,0<o. os, V<o. 1, s. Full sy ols
indicate stratocumulus cases.

As Figure 5 but radiosonde values Include the

first cloud layer only.

(above) Time-height atmospheric cross-sectlon

showing the variation of specific humidity with

the passage of a warm front. Values shown are

2g/kg (dotted), 4 to 6 g/kg (wide diagonals),

6 to 8 g/kg (close diagonals), above 8 g/kg

(cross-hatched). The section is based on 31

radiosonde flights at the times marked at the

top of the figure. The dashed llne marks the

approximate region of the frontal surface.

(below) Values of integrated water vapour qv

from the radiosondes (full line), SMMR (squares),

and from the SMMR qv distribution at 0730 gmt

24 August (dashed line).

(Adapted from Taylor et al. 1981)

SMMR qv distribution (kg/m _) at 0730 gmt 24

August 1978 superimposed on NOAA 5 Infra-Red

image for 1138 gmt. Radiosonde qv values are

shown in boxes. (Photo: University of Dundee).
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SP_4R rain rate values (nun/hour) at 2311 gmt

30 August 1978 superimposed on NOAA 5 Infra-

Red image for 2030 gmt. (Photo: University

of Dundee).

Figure I0. SMMR values of qv (full lines, kg/m') and ql

(dashed lines with values in boxes, kg/m') at

2311 gmt, 30 August 1978. The region of over

0.4mm/hour rain rate is shaded.

Figure 11. Rainfall measurements from HMS Hecla for the

evening of 30 August 1978.

Figure 12. Comparison of SMMR rain rate measurements

(as Figure 9) and W.M.O. present weather codes

reported from the three JASIN ships assuming

that the rainfall area propagated at 12 m/s

toward 110 ° .

Figure 13. Synoptic chart for 2100 gmt on 4 August 1978,

full arrows show the near surface flow, open

arrowheads the middle level flow. The NOAA 5

Infra-Red image was obtained at 2010 gmt.

(Photo: University of Dundee).

Figure 14. SMMR dlstributions of qv (full lines kg/m 2 )

and water vapour (shading, kg/m 2 ) for 2134 gmt.

The thunderstorm symbol marks the region of

deep convective activity. Note that the maximum

in the region of 62°N, 7°W probably represents

an erroneous S_R value due to the presence of

land (Faeroe Islands).
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p_

mb

50O

O0 0-2 0.4 kg/m 2
Specific Humidity

Figure I. Mean atmospheric water vapour content during JASIN

for 5mb layers and the standard deviation of

individual radiosonde observations for each layer.

Data was available for about 600 ascents.
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Figure 2.
Integrated atmospheric water vapour content qv

for individual radiosonde fli@hts plotted against

the near surface specific humidity at the time of

launch. The top scale shows approximately the

equivalent near surface relative humidity. For

further explanation see text.
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Integrated

Nater Vapour 60

30

Figure 3.

0 30 60 R/S

Radiosonde- integrated water vapour g/m2--

(after Taylor et al. 1981) Seasat-JASIN workshop

comparison of integrated atmospheric water vapour

qv as measured by the S_R and by radiosondes.

JASIN values are shown by crosses, tropical

soundings by circles. I - indicates tropical

soundings for which S_@IR values may be £oo high

due to the island of Gaum being within the field

of view. 2 - S_ values may have been affected

by heavy rain. Processing changes since the workshop

have rcmoved the tropical data bias.
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0 o
0
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0"02 0.04 kg/m 2

n

120 n # of radiosonde ascents

mean liquid water content

Figure 4. Number of radiosonde ascents for which cloud is

inferred for 5mb layers of the atmosphere (full

llne: multiple cloud layers_ dotted llne:

first layer only). Also shown is the mean liquid

water content for cases reporting cloud in each

layer (dashed line).
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0"4

__V

0.2

Columnar

liquid
war er
conten_

0
0.2 0.4 0"6 kg/m2

Radiosonde columnar liquid water

Figure 5. Comparison of SS_R, aircraft, and radiosonde

estimates of total liquid water ql where radio-

sonde estimates include all cloud layers.

[] = Aircraft, other symbols indicate radiosonde

values with standard deviation (kg/m') as follows:

0,0<o.o s, x-7<o. 1, A _ o. s. Fullsymbols
indicate stratocumulus cases.
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Figure 6. As Figure 5 but radiosonde values include the

first cloud layer only.
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(above) Time-helght atmospheric cross-sectlon

=howlng the variation of specific hma_dity with

the passage of a warm front. Values shown ere

2g/kg (dotted), 4 tO 5 g/kg (wide diagonals),

6 to 0 g/kg (close diagonals), above 0 g/kg

(cross-hatched). The section 1_ based on 31

radloaondo flights at the tJ_.oe marked at the

top of the figure • The dashed line marks the

approximate region of the frontal surface.

(below) Valuel olr lrcegrated water vapour qv

from the radiosondes (full llne), gH,NR (|quere|),

and from the S_'-_',R qv distribution at 0730 gmt

24 Auguut (n'ashod line).

(F.d_p'.cd flO_t laylo: ct at. 1911)
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F_0ure 8. SM_ qv distribution (kg/m _) at 0730 gmt 24

August Ig78 supcrlmposed on NOAA 5 Infra-Red

_mag@ for 1138 gmt. l_IdLosonde qv vaZu_l ire

.hown In boxos. (Photo: Unlvers_ty of Dundee).
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Figure 9. S_tR rain rate values (n_/hour) at 231l gmt

30 August 1978 SUlperLmposed on NOAA S Infra-

Rod intngo for 2030 gmt. (Photo: Univernity

of Dundoe),



r
!

i

81

! i

20 12 .

60F

55
20

2: 12 I

/

38
35, _"

10 0

¢

15

oW

Figure 10. S_4R v,lues of qv (full lines, kg/m'_ and ql

(dash(_d lines with values in boxes, kg/m j ) It

2311 gmt, 30 August 1978. The region of over

_.4n_/hour rain rate is shaded.
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Figure II. RaJ.nfall measurements from HMS Hecla for the

evening of 30 August 1978.
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Figure 12. Comparison of S_4R rain rate measurements

(as Figure %) and W.M.O. present weather codes

reported from the three JASIN ships assuming

that the rainfall area propagated at 12 m/i

toward II0 °.
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20 10 °W

Flgure 13. Synoptic chart for 2100 gmt on 4 _ug_st 1978,

full errows _how the near surface flo_ open

erro_fl:esds the middle love1 flo_. The NOAA S

ln/r_-_Qd imago was obtal:_od a_ 2010 gmt.

(_hoto: University of Dundee).
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Figure 14. S_ distributions of qv (full lines kg/m')

a,d water_vhpour (shading, kg/m _ ) for 2134 gmt.

The thunderstorm symbol mar):s the region of

deep convcctlve activity. Note that the maxlmtuu

in the region of 62°N, 7°W probably represents

an erroneous S_I_IR w_lue due to the presonce of

land (?aeroc Islandu).
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In Proceedings of a Workshop on Applications of Existing Satellite Data

to the Study of the Ocean Surface Energetics_ 19-21 November 1980,
University of Wisconsin-Hadison (Ed. C. Gautier), 145-149.

SEASAT SHNR'S ATHOSPHERIC WATER DETERMINATIONS

APPENDIX D.

Krlstlna B. Katsaros

Department of Atmospheric Sciences

University of Washington

Seattle, Washington 98195

Introduction

Over the open ocean three of the five frequencies in the

Scanning Hultichannel Microwave Radiometers (S_R) on Seasat and

Nimbus 7 are primarily used for determination of the water in the

atmospheric column (see Table i). The algorlthms developed for

interpretation of these signals provide values of total integrated

water vapor, total integrated liquid water, and from sampling the

larger drops that would be precipitating, also an estimate of the

rain rate. This type of information mapped over large areas with

rather fine resolution is providing something totally new and, I

believe, potentially very powerful. These data provide sources

for research on storm systems, and perhaps in the not too distant

future input on the thermodynamics and dynamics of the atmosphere
for forecast models.

Table 1

Frequency, Wavelength, Footprint Size, and Principal Geophysical

Quantity Predicted by Seasat's 5 Channel S_R.

Seasat's

Microwave Retrieval Grid

Frequency Wavelength at 3dB limit
GHz cm km x km Principal Predicted Quantity

6.6 4.6 150 x 150

10.7 2.8 85 x 85

18.0 1.7 54 x 54

21.0 1.4 54 x 54

37.0 0.8 27 x 27

Sea surface temperature

Wind speed

Precipitation rate (18H)

Water vapor, liquid water

Water vapor, liquid water

Precipitation rate (37H)

Windspeed in clear air

W;iter vapor, liquid water
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Present status

First a taste of what we have learned from Seasat's SMMR (the

Nimbus 7 SDn_R data are still being corrected for engineering type

problems and an unexplained large bias). The Seasat S_tK products

were checked against surface truth collected in the Gulf of Alaska

(the Gulf of Alaska Experiment, September 1978),in the North Atlantic

(the Joint Air Sea Interaction Experiment, July-August 1978), and from

the tropical Pacific (radiosonde measurements from weatherships and

small atolls). A summary of the integrated water vapor results is

seen in Table 2 (for further details see Katsaros et al., 1980).

The r.m.s, errors are of about the same magnitude for the two tech-

niques of obtaining total integrated atmospheric water vapor.

Alishouse (1980) has made intercomparlsons with a larger number of

radiosonde integrations without substantial change in the percent

agreement.

Table 11. Sugary of the Wster Vapor aetrievai| Considered at
the JAS[N/Seasat Workshop.

Dita set _o _aob

_l_tl Meaa o

k|/s 2

JAS|N 19 _0.] _.9

[ropicm b 5],@ 16._

Wtntl Sl|O.
I'_Jn biam 0

k|/I 2

14 -1 _.]

(;I)

5g.! &.9 16._

O&)

Wllheit sl$o.
Neln bias 0

kS/m:

18 +] 1.;

Being that the Sf_R produced water vapor data is available as a

map, it has been found to provide more precise information about the

position of the weather fronts during the JASIN experiment titan would

be ascertained from synoptic maps or 3-hourly radlosonde observations

from the three ships in the meteorological triangle with legs _ 200 km

in length (Taylor, personal communication, I§80).

For the other two products, integrated atmospheric liquid water

,nd precipitation rate, there exists virtually no surface intercom-.

parison data, in part because of the difficulties in measuring these

quantities, in part because the emphasis with the SMHR's has been on

ocean surface parameters and sea ice. However, even though the algo-

rithms are probably only relatively correct and even though the reso-

]_tion of the present instruments is coarse compared to the scale of

the phenomena, they too look promising. In Katsaros et al. (1980)

the two algorithms are compared. They are found to be in agreement
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in mid latitudes (low values) of total liquid water content, but

differ over tropical areas. One of the algorithms ("Wilheit") has

an upper limit to the amount of liquid water It can produce.

Gautier (1980) has compared plots of GOES visible data with SMOg's

liquid water with qualitative agreement.

For precipitation rate the two algorithms are in fairly good

agreement at low rain rates, but differ for large values. In the

JASIN experiment, one intercomparison with a ship observation was

obtained with good agreement. Ehe Wentz algorithm predicted

2 nu_/hr, and over an hour's time 2 nun of rain had been caught by a

rain gauge. Wher the JASIN ships reported showers, the satellite

retrievals gave no indication of rain, while the occurrence of wide

spread rain verified well against the Seasat S_IR.

An exciting portrayal of a frontal rain band is given by the

rain rate map calculated from Seasat's SMHR data on rev. 1212 over

the eastern Pacific (Figure I). The presence of multiple cells is

very reminiscent of the description of cyclonic rainbands given by

Hobbs (1978).

Looking ahead

If one allows one's imagination a bit of freedom in considering

ways in which future microwave radiometer data on atmospheric water

parameters may aid atmospheric and oceanic research and improve

numerical forecast models, one can find good cause for optimism.

Figure 2 is a flow chart of how these parameters may be employed. The

solid boxes show Importance mainly for the atmosphere, the dashed

ones for the sea. Simply obtaining data on the distribution of these

parameters Is, of course, valuable. The deduced "E" and the "P" for

the ocean are the time averaged evaporation and precipitation terms,

which determine water density and thereby geostrophic currents. The
latent heat l_volved in formation and dissolution of clouds and the

net heating, where precipitation occurs, influence the atmospheric

energetics and dynamics, Atmospheric motions in turn influence

circulations in the upper ocean. The total liquid water in an atmo-

spheric column Is, at least for simple cloud structures, the para-

meter which determines transmittance of shortwave radiation and

emlttance of 1ongwave radiation. Thus, the satellite measurement of

liquid water could be used to predict the radiative heat budget at
the sea surface. Having all these relationships parameterized, we

feed the real time satellite data into coupled atmosphere/ocean
numerical models.

In{urination about tl_e water in the atmosphere can be determined

from 3 channels on thc Scanning Hultichannel U.tcrowave Radiometer
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I_A. _. _4404t _ _4L_ _OLO _'ettSovel |_oI IrOv. 12_? vlth ¢ort@borattn 8 ohLp iropolrtiJ, (vents),

(S,_l_!_) on Scasat and _imbus 7. The existing aLgorithms interpret
the signals as 1) total integrated water vapor in the column,

2) total Liquid water, and 3) precipitation rate.

During several workshops for evaluation of Seasat's $_¿R, it
ha._ been found that total atmospheric water vapor is determined by
S,_DIR to an accuracy comparable to that of the radiosondes from
shi_s and small tropical atolls. The total liquid water and rain
rate deter_iuattons have virtually no in situ verification, but

lo,,k qualit.'_tively very prora[slng, gain rate determinations are
_._,rr,,borat_.d by standard synoptic frontal analysis and conventional
s,,tvll Ire ddt:].
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